In mammalian cells, nine conserved isoforms of the Na ϩ /H ϩ exchanger (NHE) are known to be important for pH regulation of the cytoplasm and organellar lumens. NHE1-5 are localized to the plasma membrane, whereas NHE6 -9 are localized to distinct organelles. NHE6 is localized predominantly in endosomal compartments but is also found in the plasma membrane. To investigate the role of NHE6 in endocytosis, we established NHE6-knockdown HeLa cells and analyzed the effect of this knockdown on endocytotic events. The expression level of NHE6 in knockdown cells was decreased to ϳ15% of the level seen in control cells. Uptake of transferrin was also decreased. No effect was found on the endocytosis of epidermal growth factor or on the cholera toxin B subunit. Moreover, in the NHE6-knockdown cells, transferrin uptake was found to be affected in the early stages of endocytosis. Microscopic analysis revealed that, at 2 min after the onset of endocytosis, colocalization of NHE6, clathrin, and transferrin was observed, which suggests that NHE6 was localized to endocytotic, clathrin-coated vesicles. In addition, in knockdown cells, transferrin-positive endosomes were acidified, but no effect was found on cytoplasmic pH. In cells overexpressing wild-type NHE6, increased transferrin uptake was observed, but no such increase was seen in cells overexpressing mutant NHE6 deficient in ion transport. The luminal pH in transferrin-positive endosomes was alkalized in cells overexpressing wild-type NHE6 but normal in cells overexpressing mutant NHE6. These observations suggest that NHE6 regulates clathrindependent endocytosis of transferrin via pH regulation. pH regulation; endosome; exocytosis IN MAMMALIAN CELLS, endocytosis and exocytosis are important for various intracellular events such as receptor-mediated ligand uptake and signal transduction via the receptors. The ligands and receptors are internalized through vesicles that form from the plasma membrane, migrate to endosomes, and are sorted in recycling pathways for relocation to the plasma membrane or to late endosomes/lysosomes for degradation. The lumina of endocytotic membrane compartments are gradually acidified as they are trafficked through the pathways, and the regulation of this acidification has been suggested to be important for these trafficking events (21). This acidification is primarily achieved by proton pumping into lumens by vacuolar H ϩ -ATPase (V-ATPase) (9). Recent studies suggest that luminal pH is regulated by a counterbalance between the influx of protons mediated by V-ATPase and proton leakage from the lumen through ion transport proteins such as anion channels,
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Ϫ /H ϩ exchangers, and Na ϩ /H ϩ exchangers (NHE) (5, 15, 26, 37) .
For mammals, nine conserved NHEs (NHE1-9, also referred to as SLC9A1-9) have been identified (31) . NHA1-2 (SLC9B1-2) and SLC9C1-2 have also been identified as SLC9 members, but their primary structures are distantly related to SLC9A1-9 (3, 18) (www.bioparadigms.org/slc/pdf/SLC09_2010 -09-06.pdf). In NHE1-9, five of those isoforms (NHE1-5) are found in the plasma membrane and are involved in the regulation of cytoplasmic pH (1, 2, 32) . The other four NHE isoforms (NHE6 -9) are localized in distinct organelles, and thus these NHEs are referred to as organellar NHEs. NHE6 and NHE9 are predominantly localized to early and recycling endosomes (4) . NHE7 and NHE8 are found in the trans-Golgi network (TGN) and mid-trans-Golgi stacks, respectively (12, 27) . It has been suggested that these organellar NHEs exchange K ϩ for H ϩ to regulate proton efflux from organelles, and that through this mechanism they contribute to the establishment of unique organellar luminal pH values (13, 27) . Although NHE6 -9 are referred to as "organellar NHEs," these NHEs are also found in the plasma membranes in various cells. NHE6 and NHE7 are found at the cell surface at a low but significant level (4, 16, 19, 29) . In kidney and intestine, NHE8 is localized to brush-border membranes (38) . Thus it is suggested that NHE6 -9 shuttle between organelles and plasma membrane, with the abundance of each organellar NHE in plasma membrane dependent on the cell type.
NHE6 is the first organellar NHE to be identified in mammalian cells (28) . It is composed of both an NH 2 -terminal transmembrane domain and a hydrophilic COOH-terminal tail domain. The NH 2 -terminal transmembrane domain includes a signal sequence for destination to the endoplasmic reticulum (ER) (22) . The membrane proximal region in the COOHterminal tail is responsible for the distinct localization of NHE6 to endosomes and NHE7 to the TGN (8) . Moreover, receptor of activated C kinase 1 (RACK1) has been found to bind to the COOH-terminal region of NHE6 and regulates the distribution of NHE6 between the plasma membrane and endosomes (29) . Knockdown of RACK1 increases NHE6 levels in endosomes, elevates endosomal pH, and disturbs transferrin uptake (29) . Previously, we reported that knockdown or overexpression of NHE6 in hepatoma HepG2 cells disturbs endosomal pH and polarized membrane traffic, and that consequently it causes a reduction in the number of apical bile canalicular surface domains (30) . These studies suggest that NHE6 plays important roles in the maintenance of membrane traffic in endosomal compartments via pH regulation. However, the roles of NHE6 in specific steps in endosome-related membrane traffic, such as endocytosis, sorting, recycling, and exocytosis, remained unclear. In this study, we analyzed the role of NHE6 in endocytosis. Our observations suggest that pH regulation by NHE6 is important for the early stages of clathrin-dependent transferrin endocytosis.
MATERIALS AND METHODS
Plasmid construction. Expression plasmids for overexpression of wild-type NHE6.1 (pCMV-NHE6.1-HA) and mutant NHE6.1 (pCMV-NHE6.1 [E287Q/D292N]-HA) were constructed as described previously (29, 30) . A plasmid vector for miR-155-based RNA interference (6) was constructed by introducing a synthetic inhibitory B-cell integration cluster (BIC)-derived RNA (SIBR) (6) cassette into EcoRI-KpnI sites in pEGFP-C1 (Clontech, Mountain View, CA). The SIBR cassette contained two BbsI sites and was prepared by annealing the following synthetic DNA: TAA GAA TTC ATA AGT CGA CCT GGA GGC TTG CTG AAG GCT GTA TGC TTT GTC TTC AAG ATC TGG AAG ACA CCA GGA CAC AA and CTA GGT ACC AAG CTT CTC GAG GGC CAT TTG TTC CAT GTG AGT GCT AGT AAC AGG CCT TGT GTC CTG GTG TCT TCC AGA TC. Double-stranded DNA fragments encoding hairpin RNA for knockdown of NHE6 (3 sets) and LacZ (as a control) were designed and synthesized by Invitrogen (Carlsbad, CA). The sequences of synthetic DNA-encoding hairpin RNA were as follows. NHE6 no. 1: TGC TGA  ACT GTT TCC CAT AAA TCT CCG TTT TGG CCA CTG ACT  GAC GGA GAT TTG GGA AAC AGT T and CCT GAA CTG TTT  CCC AAA TCT CCG TCA GTC AGT GGC CAA AAC GGA GAT  TTA TGG GAA ACA GTT C, targeted to nt 1853 of the NHE6 ORF;  NHE6 no. 2: TGC TGA TCA GTT GCT GAT ACA ATG GCG TTT  TGG CCA CTG ACT GAC GCC ATT GTC AGC AAC TGA T and  CCT GAT CAG TTG CTG ACA ATG GCG TCA GTC AGT GGC  CAA AAC GCC ATT GTA TCA GCA ACT GAT C, targeted to nt  673 of the NHE6 ORF; NHE6 no. 3: TGC TGT TCA ACA TCA ACT  TGA AGC TCG TTT TGG CCA CTG ACT GAC GAG CTT CAT  TGA TGT TGA A and CCT GTT CAA CAT CAA TGA AGC TCG  TCA GTC AGT GGC CAA AAC GAG CTT CAA GTT GAT GTT  GAA C, targeted to nt 721 of the NHE6 ORF; LacZ: TGC TGA AAT  CGC TGA TTT GTG TAG TCG TTT TGG CCA CTG ACT GAC  GAC TAC ACA TCA GCG ATT T and CCT GAA ATC GCT GAT  GTG TAG TCG TCA GTC AGT GGC CAA AAC GAC TAC ACA AAT CAG CGA TTT C. According to the manufacturer's (Invitrogen) instructions, these single-stranded DNAs were annealed and integrated into a site between two BbsI sites in the SIBR cassette within the expression vector. The nucleotide sequences of the integrated fragments were all verified by DNA sequencing.
Cell culture and establishment of stable cell lines. HeLa cells were maintained at 37°C in 5% CO 2 in Eagle's minimal essential medium (MEM) supplemented with 10% fetal bovine serum. To establish stable cell lines, linearized NHE6.1 expression plasmids for the overexpression of wild-type and mutated (E287Q/D292N) NHE6, plasmids for the knockdown of NHE6 (3 sets), and a plasmid for the knockdown of LacZ (as the control) were transfected into HeLa cells (1.6 ϫ 10 5 cells in a 60-mm dish) with Lipofectamine 2000 (Invitrogen). After selection with G418 (400 or 600 g/ml) (Wako Pure Chemical Industries, Osaka, Japan), the G418-resistant colonies were isolated and cultured in MEM with G418 (200 g/ml). We prepared three sets of NHE6-knockdown cells, each of which had a different target sequence (no. 1-3, see above). Since the effect of knockdown was essentially similar, we describe the results from a single representative clone (no. 3).
Antibodies. Rabbit polyclonal anti-NHE6 antibody was prepared as described previously (29) . Anti-transferrin receptor (clone H68.4, Zymed/Invitrogen), anti-EEA1 (early endosome antigen 1) (clone 14, BD Transduction Laboratories), anti-clathrin heavy chain (clone x22, Calbiochem, Darmstadt, Germany), and anti-actin (clone MAB1501, Millipore) antibodies were all purchased from the indicated commercial distributors. Anti-LAMP2 (lysosomal-associated membrane protein 2) (clone H4B4) was obtained from the Developmental Studies Hybridoma Bank (The University of Iowa). Peroxidase-conjugated secondary antibodies against rabbit and mouse were purchased from Jackson ImmunoResearch Laboratories and Vector Laboratories, respectively. Alexa Fluor 488-, Alexa Fluor 546-, and Alexa Fluor 633-conjugated secondary antibodies were purchased from Invitrogen.
Transferrin, epidermal growth factor, and cholera toxin B uptake assay. Cells were cultured until they were approximately 90 -95% confluent, in 60-mm dishes, and washed twice with serum-free MEM (SF-MEM). They were then incubated at 37°C in SF-MEM with 0.1% bovine serum albumin (BSA) containing 25 g/ml Alexa Fluor 546-conjugated transferrin (Invitrogen, T-23364) or 1 ng/ml Alexa Fluor 488-conjugated epidermal growth factor (epidermal growth factor, biotinylated, complexed to Alexa Fluor 488 streptavidin, Invitrogen, E-13345) or 1 g/ml Alexa Fluor 488-conjugated cholera toxin B (CTxB, Invitrogen, C-34775). To measure fluorescence intensity, the uptake of transferrin, epidermal growth factor (EGF), and CTxB was stopped at 0, 5, 15, and 30 min, and the cells were then collected and washed twice with ice-cold SF-MEM and disrupted in 100 l of lysis buffer [phosphate-buffered saline containing 1% Nonidet P-40, 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, and a protease inhibitor mixture (1 g/ml leupeptin, pepstatin A, and aprotinin)] with brief sonication. The cell lysates were separated by SDS-PAGE gels; 10% for transferrin and EGF and 15% for CTxB. The fluorescence intensity of the target bands was detected using a laser fluorescence scanner (Typhoon FLA 9000, GE Healthcare). For the pulse-chase experiment examining transferrin uptake, cells were washed with ice-cold SF-MEM twice, and then the cells were incubated at 4°C for 1 h in SF-MEM containing 25 g/ml Alexa Fluor 546-conjugated transferrin and 0.1% BSA. Unbound transferrin was washed out by changing the cold medium twice and then the cells were allowed to internalize the transferrin at 37°C. The cells were subsequently washed with cold acidic buffer (pH 4.2) three times to strip surface-residing transferrin and then washed with phosphatebuffered saline and fixed.
Immunofluorescence microscopy. Cells were fixed and immunostained as described previously (29) . The samples were observed using a BX-51 microscope equipped with an ORCA-ER1394 digital camera and FLUOVIEW FV1000-D confocal laser scanning microscope (Olympus). To measure the intensity of fluorescence (Figs. 2B and 3B), images were analyzed with ImageJ software (http://rsbweb. nih.gov/ij/). The region of interest (ROI) was set according to the cell shape, and the "measure" function was used to quantitate the averaged intensity in the ROI.
Measurement of endosomal and cytoplasmic pH. Ratiometric measurement of the pH labeled with transferrin was essentially performed as described previously (30) . Cells were cultured on glass-bottom dishes (Matsunami glass industry) and washed twice with 0.1% BSA/Hanks' balanced salt solution (HBSS). Cells were incubated with pH-sensitive fluorescein-labeled transferrin (50 g/ml) and pHinsensitive Alexa Fluor 546-labeled transferrin (25 g/ml). The images for the two dyes (pH sensor and internal standard) were obtained with a FLUOVIEW FV1000D confocal laser scanning microscope (Olympus). For the pH calibration curve, images were acquired in pH standard buffers [125 mM KCl, 25 mM NaCl, 10 M nigericin, 10 M monensin, and 25 mM 2-(N-morpholino) ethanesulfonic acid (MES), pH 6.8, 6.3, 5.8, 5.3, and 5.0, respectively]. Ratiometric image analysis was performed with MetaMorph software (Molecular Devices). The ROIs for quantification of fluorescence intensity were automatically created by the software according to the localization of dot-like structures labeled with transferrin conjugated with pH-insensitive dye. For each set of experiments, 30 cells were analyzed. The averaged ratio was calculated from the ratio of fluorescence intensity of two fluorescent dyes in each ROI. For ratiometric measurement of cytoplasmic pH, cells were cultured on circular glass coverslips (diameter: 13.2 mm) (Matsunami glass) and then incubated with 5 M 2=,7=-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein, acetoxymethyl ester BCECF-AM (B1150, Invitrogen) at 37°C for 30 min in HBSS. After washing and removal of buffer, the cells were incubated in HBSS, and BCECF fluorescence (emission at 530 nm with excitation at 440 nm and 500 nm) was measured using an Intracellular Ion Analyzer CAF-110 (JASCO) for 20 min. The ratio of intensities at 500 nm/440 nm was calculated and a pH calibration curve was constructed using cells in the pH standard buffers (pH 6.6, 7.0, 7.4, and 8) (34) .
RESULTS

Knockdown of NHE6 in HeLa cells.
To analyze the effects of NHE6 knockdown on endocytosis, we established NHE6-knockdown HeLa cells by introducing expression vectors encoding microRNA (6) (see details in MATERIALS AND METH-ODS). We previously reported that NHE6.1 is a major splicing variant of the NHE6 expressed in HeLa cells (29) and hereafter we refer to it as NHE6. NHE6 has been detected by immunoblotting in several forms that differ from each other in terms of both oligomeric form and glycosylation (29) . Immunoblot analysis of HeLa protein extracts using anti-NHE6 antibody showed a significant decrease in NHE6, though the bands for NHE6, including its core-glycosylated form, were visible. A quantitative analysis revealed that the expression level (the total of all NHE6 species) of NHE6 in NHE6-knockdown cells was decreased to approximately 15% that of control cells (Fig. 1) . NHE6 is predominantly localized to compartments in the endocytotic pathway (early endosomes and recycling endosomes) (4, 26) . To test whether knockdown of NHE6 affects the localization or the number of these organelles, we observed the intracellular localization of NHE6 and several protein markers in the endocytotic pathway, using immunofluorescence microscopy. In the NHE6-knockdown cells, the fluorescent intensity of NHE6 was approximately 10% of the NHE6 intensity detected in the control cells, confirming the immunoblotting result (Fig. 2B) . Localization ( Fig. 2A ) and total intensity ( Fig. 2B ) of fluorescent signals for EEA1 (an early endosome marker) and LAMP2 (a late endosome and lysosome marker) were not affected in NHE6-knockdown cells. The expression levels of these proteins were also analyzed by immunoblotting. No obvious effect on the expression levels was observed (Fig. 2C) . However, transferrin receptors in the NHE6-knockdown cells tended to accumulate more in the perinuclear regions compared with the control cells ( Fig.  2A) . The total expression level of transferrin receptor was similar between knockdown cells and control cells (Fig. 2 , B A: control and NHE6-knockdown (NHE6KD) cells were fixed, permeabilized, and incubated with anti-NHE6, anti-early endosome antigen 1 (EEA1), antitransferrin receptor (TfnR), or anti-LAMP2 antibodies followed by incubation with anti-rabbit Alexa Fluor 488-conjugated antibody and anti-mouse Alexa Fluor 546-conjugated antibody. Epifluorescence images were obtained with a fluorescence microscope. Scale bar, 50 m. B: fluorescence intensity of NHE6, EEA1, TfnR, and LAMP2 in each cell was quantified by image analysis using ImageJ (n ϭ 30 cells, average Ϯ SD). C: expression of marker proteins was analyzed by immunoblotting using anti-EEA1 (top), anti-transferrin receptor (middle) or anti-LAMP2 (bottom) antibodies. and C). These results suggested that NHE6 knockdown affected the recycling of transferrin receptors and/or uptake of transferrin.
Uptake of transferrin, epidermal growth factor, and cholera toxin B in NHE6-knockdown cells. We observed the effect of NHE6 knockdown on the internalization of transferrin by fluorescence microscopy. The NHE6-knockdown and control cells were incubated with fluorescence-labeled transferrin at 37°C for 5 to 60 min and then fixed and observed (Fig. 3A) . Punctate fluorescent signals from internalized transferrin in NHE6-knockdown cells were reduced compared with the control cells. Image analysis of the obtained micrographs confirmed that the fluorescent signal from transferrin was decreased in NHE6-knockdown cells (Fig. 3B) . The internalization of transferrin was also analyzed using a biochemical method. The NHE6-knockdown and control cells were incubated with fluorescence-labeled transferrin at 37°C. Then, the cell lysates were prepared and resolved by SDS-PAGE. The bands of labeled transferrin were visualized and quantified using a fluorescence scanner (Fig. 3, C and D) . The results of this assay were consistent with the data obtained from microscopic analysis, shown in Fig. 3B . These results suggest that NHE6 plays a role in the uptake of transferrin. We next examined the effect of NHE6 knockdown on exocytosis or recycling of internalized transferrin. Cells were incubated with the fluorescence-labeled transferrin for 1 h and then time-dependent loss of fluorescent transferrin from the cells was observed (Fig. 3E) . The loss of transferrin, which reflected exocytosis, seemed to be slightly accelerated in the NHE6-knockdown cells, but the difference was not significant. Thus any effect of exocytosis on transferrin was less than that of endocytosis. Together, these results suggest that Fig. 3 . The effect of NHE6-knockdown on transferrin uptake. Control and NHE6KD cells were washed twice with serum-free MEM and incubated with Alexa Fluor 546-transferrin (25 g/ml) at 37°C. A: micrographs at each time point. Uptake was stopped at the indicated time points, and then the cells were fixed and observed with a fluorescence microscope. Scale bar, 50 m. B: fluorescence intensity of transferrin in each cell in the micrographs (n ϭ 30 cells, average Ϯ SD). Data were obtained by image analysis using ImageJ software. C: cells, after incubation with the labeled transferrin, were collected and lysed. The proteins in the lysates were then separated by 10% SDS-PAGE. The fluorescent bands of transferrin were detected using a Typhoon FLA 9000 fluorescence scanner. D: intensity of the transferrin bands in C was quantified using ImageJ software. E: cells were washed twice with serum-free MEM and incubated with Alexa Fluor 546-transferrin (25 g/ml) at 37°C for 1 h. Then the buffer was changed to serum-free MEM without fluorescent transferrin. To minimize reinternalization of fluorescent transferrin, which was recycled back to the plasma membrane, the medium was changed every 5 min. The amount of transferrin in the cells was quantified at the indicated time points. Data were obtained from three independent experiments and presented as average Ϯ SD. Statistical analysis was performed by Student's t-test (versus control); *P values Ͻ0.05.
NHE6 is primarily involved in endocytosis in terms of the intracellular transport of transferrin.
We observed the uptake of fluorescence-labeled EGF (a complex of EGF-biotin and Alexa Fluor 488 streptavidin) (Fig. 4A) . The dot-like signals of labeled EGF were similar in the knockdown and the control cells. To quantify the fluorescence of labeled streptavidin-EGF complex, the cell lysates were prepared and resolved by SDS-PAGE, and then the labeled protein was visualized using a fluorescence scanner (Fig. 4, B and C) . As a result, the internalized EGF at each time point was at a similar level between the knockdown and the control cells (Fig.  4C) . The effect of NHE6 knockdown on the internalization of fluorescently labeled cholera toxin B (CTxB) was also analyzed (Fig. 4, D and E) . Similar levels of internalization were observed in the knockdown and the control cells. These results suggested that NHE6 was involved in the endocytosis of transferrin.
Pulse-chase experiment to investigate transferrin uptake in NHE6-knockdown cells. To reveal which stage of uptake of transferrin is affected in NHE6-knockdown cells, we performed pulse-chase experiments to investigate transferrin uptake. The capacity for transferrin binding on the cell surface was compared first (Fig. 5, A and B) . Immediately after labeling at 4°C for 1 h, the cells were washed with phosphatebuffered saline (pH 7.4) to remove unbound transferrin, and then the binding of transferrin was analyzed by SDS-PAGE and a fluorescence scanner (Fig. 5A) . The fluorometry showed no significant difference in the binding between the control and NHE6-knockdown cells (Fig. 5B) . The subsequent uptake of transferrin was analyzed next (Fig. 5, C and D) . The cells were labeled for 1 h at 4°C and then washed with cold buffer (pH 7.4), and the internalization of transferrin was induced by a temperature shift to 37°C. After incubation at 37°C for 0 -2 min, the transferrin that resided on the cell surface was stripped by acidic buffer and the internalized transferrin was quantified (Fig. 5, C and D) . The results of this quantification indicated that NHE6-knockdown cells internalized less transferrin than control cells in short periods. Finally, we followed the internalization of transferrin by microscopy. Just after the internalization was induced by warming to 37°C (0 min), no obvious fluorescent spots were detected. As surface-bound transferrins were diffusely distributed at this stage, a microscopically detectable accumulation of transferrins would not be prominent. In the later time points, we observed the formation of transferrin spots (Fig. 5E, insets) . Compared with the control cells, the intensity of fluorescent transferrin in the knockdown cells was decreased (Fig. 5E, 1 to 3 min) . These results suggested that NHE6 was involved in the events that occurred in the early stages of transferrin endocytosis.
We then followed the internalized transferrin to observe the migration to early endosomes (Fig. 6) . In NHE6-knockdown cells, the intracellular distribution of an early endosome marker (EEA1) was not affected (Fig. 2 and Fig. 6, green) . In the control cells, colocalization of EEA1 (green) and transferrin (red) seemingly increased in a time-dependent manner during the observed period (Fig. 6, arrows in control) . In NHE6-knockdown cells, clear localization of transferrin to EEA1-positive compartments was less observed than in control cells, even at late time points (5 and 7 min). These results suggested that NHE6 was involved at an earlier stage than that of the fusion of endocytotic vesicles with endosomes.
The results described above suggest that the internalization of transferrin was inhibited even during the first minutes of endocytosis. In this stage, clathrin-coated pits/vesicles were formed and the internalized transferrin was subsequently transported in the clathrin-coated vesicles. To test whether or not NHE6 was also localized in such endocytotic clathrin-coated vesicles, we observed the colocalization of internalized transferrin, NHE6, and clathrin ( Fig. 7A ; micrographs with a wider field are shown in supplemental Fig. S1 ). At 0 and 1 min after the internalization of transferrin began, partial colocalization of clathrin (the first column, green) and NHE6 (the fourth column) was detected (indicated by cyan in the fifth column). At these time points, endocytotic clathrin-coated vesicles could not be discriminated from other clathrin-positive compartments. At 2 min, the colocalization of clathrin and transferrin was observed (yellow, third column). These double-positive compartments were presumably endocytotic clathrin-coated vesicles. A part of NHE6 was colocalized to these clathrin-and transferrin-positive compartments (arrows). At the later time points (3-4 min), NHE6 and transferrin overlapped well with each other, but not with clathrin (magenta, fifth column), while the colocalization of the three proteins was still partly detected (white at 3 min). These results suggested that the internalized transferrin mostly migrated from endocytotic clathrin-coated vesicles to early endosomes. Taken together, these observations suggested that NHE6 was localized in endocytotic clathrin-coated vesicles as well as transferrin-positive endosomes. We also tried to detect the colocalization of clathrin and transferrin at these time points in NHE6-knockdown cells, but Fig. 6 . Transport of transferrin to EEA1-positive early endosomes. Control and NHE6KD cells were incubated with Alexa Fluor 546-transferrin (25 g/ml, red) at 4°C for 1 h (for pulse labeling). The cells were washed with cold serum-free MEM to eliminate the extra transferrin, and uptake was started through a temperature shift to 37°C. The uptake was stopped at the indicated time points. Then the cells were fixed, permeabilized, and incubated with anti-EEA1 (green) followed by incubation with Alexa Fluor 488-conjugated anti-mouse IgG antibody. The images were obtained with a laser confocal microscope. White arrows, colocalization of incorporated transferrin with EEA1. Scale bar, 10 m. our attempts were unsuccessful, possibly due to the very low signal of internalized transferrin (supplemental Fig. S2) . Finally, we tested the colocalization of NHE6 and internalized EGF (Fig. 7B) . Since overlapping of transferrin and NHE6 started at 2 min after internalization, we focused on this period. EGF was located in dot-like structures at 2 min after its internalization (Fig. 7B, arrows) . These EGF-positive signals did not colocalize with NHE6, while NHE6 was strongly colocalized with transferrin at the same time point (Fig. 7B, 2 min, indicated by magenta and white in the fifth column). The differences between EGF and transferrin in their colocalization with NHE6 were consistent with the data in Figs. 3 and 4 , which showed that the effect of NHE6 knockdown was observed for transferrin but not for EGF.
Endosomal pH in NHE6-knockdown cells.
To elucidate the effect of NHE6 knockdown on pH in the transferrin-positive endosomes, we performed a fluorescence-ratio imaging analysis using transferrin labeled with two different fluorescent probes (Fig. 8) (29) . Although the uptake of transferrin was inhibited in NHE6-knockdown cells as described above, when incubated with transferrin for 60 min, even the knockdown cells internalized a sufficient amount of transferrin for the fluorescence assay (30) . In such cells, the internalized transferrin localized to early and recycling endosomes that belonged to the transferrin-circulating pathway (Fig. 8A) . The assay revealed the luminal pH in control cells to be 6.6 Ϯ 0.1, whereas in NHE6-knockdown cells, the luminal pH decreased to 5.7 Ϯ 0.2 (Fig. 8, B and C) . We also tried to determine the Fig. 8 . Luminal pH in transferrin-positive endosomes and cytoplasmic pH in NHE6KD cells. A: control and NHE6KD cells were incubated with Alexa Fluor 546-labeled transferrin at 37°C for 1 h, and then the cells were fixed. Transferrin and EEA were visualized using specific primary antibodies along with the appropriate secondary antibodies conjugated with Alexa Fluor 546. Images were obtained with a laser confocal microscope. Scale bar, 5 m. B and C: luminal pH in transferrinpositive endosomes was measured by fluorescence ratio imaging as described in the MATE-RIALS AND METHODS. Cells were incubated with a mixture of fluorescein-and Alexa Fluor 546-transferrin at 37°C for 1 h in serum-free medium and then observed under live conditions in Hank's balanced salt solution (pH 7.4). pH was calculated from the ratio of fluorescence intensity (Fluorescein/Alexa Fluor 546) with a calibration curve (B). C: averages of three independent experiments Ϯ SE. D and E: ratiometric measurement of cytoplasmic pH using BCECF-AM. Cells were incubated with BCECF-AM, and the fluorescence intensities (emission at 530 nm with excitation at 440 or 500 nm) were measured. The pH value was calculated from the ratio of fluorescence intensities (500 nm/440 nm) with a calibration curve (D). E: averages of three independent experiments Ϯ SE. Statistical analysis was performed by Student's t-test (versus control); *P values of Ͻ0.01. pH in each endosomal compartment using pulse labeling with transferrin and subsequent chase for an adequate period as shown above (Fig. 7) . However, conclusive data could not be obtained because the equipment did not allow for appropriate ratiometric analysis due to insufficient internalized fluorescent transferrin. Next, we measured cytoplasmic pH by ratiometric analysis using BCECF-AM (34) . No apparent difference was found between NHE6-knockdown cells and control cells (pH 7.1 Ϯ 0.1 and 7.0 Ϯ 0.1, respectively) (Fig. 8, D and E) , indicating that knockdown of NHE6 did not affect cytoplasmic pH. These results suggest that NHE6 is involved in pH regulation in the transferrin-circulating pathway (endosome) by means of proton leakage from the endosome, which is acidified by V-ATPase.
Uptake Fig. 10 ) (30) . The expression of wild-type NHE6, but not mutant NHE6, has been previously shown to cause alkalization of the endosome lumen ( Fig. 10) (30) . Immunoblot analysis using anti-NHE6 antibody revealed that the expression levels of NHE6 in NHE6-OE and NHE6-OE(mut) cells, compared with those of the parental cells, were approximately 60-fold and 100-fold, respectively (Fig. 9A) . The highly glycosylated form of NHE6 appeared to be prominent in overexpressing cells, but the amount of the oligomeric form of NHE6 as determined by gel electrophoresis was highly variable among the experimental batches. We also performed transferrin, EGF, and CTxB uptake assays with these cell lines. In NHE6-OE cells, punctate fluorescent signals for internalized transferrin were increased compared with the control cells (Fig.  9B, second column) . On the other hand, NHE6-OE(mut) cells did not exhibit such increased uptake of transferrin. The fluorometry with gel-electrophoresis confirmed the increased uptake of transferrin from 5 to 30 min in NHE6-OE cells (Fig.  9, C and D) . However, no apparent difference in the uptake of EGF and CTxB was observed in these cells (Fig. 9, E and F) . These results suggested that NHE6 is involved in the regulation of endocytosis of transferrin via its ion transport activities.
Endosomal pH in NHE6-overexpressing cells. Endosomal pH in wild-type or mutant NHE6-overexpressing cells was measured using the same method as depicted in Fig. 8 . The internalized transferrin in NHE6-overexpressing cells was localized in both early and recycling endosomes (Fig. 10) . The ratiometric assay revealed the luminal pH in control cells (wild-type HeLa cells) to be 6.4 Ϯ 0.2, whereas the luminal pH in NHE6-OE cells increased to 6.8 Ϯ 0.1. In NHE6-OE(mut), the luminal pH was similar to that in the control cells (6.5 Ϯ 0.2, Fig. 9B ). These results suggested that the overexpression of wild-type but not mutant NHE6 causes alkalization in the transferrin-circulating pathway (endosomes).
DISCUSSION
In this study, we investigated the role of NHE6 in endocytosis in HeLa cells. Knockdown of NHE6 (NHE6.1) in HeLa cells decreased the expression of NHE6 to 15% (Fig. 1 ) and caused inhibition of transferrin uptake (Fig. 3) but did not affect endocytosis of CTxB (Fig. 4 ) and EGF at a low concentration (Fig. 4) . Considering our observation that transferrin uptake in the knockdown cells was inhibited at the early time points (Figs. 3, 5 , and 6) and that NHE6 was found in endocytotic clathrin-positive compartments (Fig. 7) , it is suggested that NHE6 was involved in the clathrin-mediated endocytosis of transferrin. Since the endocytosis of CTxB is clathrin independent (23), it is reasonable that the knockdown of NHE6 did not affect its internalization. Why did knockdown of NHE6 affect the endocytosis of transferrin but not EGF? In clathrindependent endocytosis, the recruitment of clathrin to the membrane to form clathrin-coated pits (CCP) and vesicles (CCV) takes place within a few minutes (early stage) after the start of endocytosis (7) . The recruitment of clathrin depends on adaptor proteins. Endocytosis of transferrin is highly dependent on AP-2, but EGF endocytosis is dependent on both AP-2 and espin-1 (14, 17, 20, 25) . Knockdown of NHE6 might affect AP-2-dependent but not epsin-1-dependent recruitment of clathrin. Another possibility is that, since clathrin-independent endocytosis of EGF has also been reported (11, 33, 36) , the clathrin-independent alternative pathway may be activated in the knockdown cells. Therefore, the uptake of EGF could be apparently unaffected.
How does NHE6 regulate the endocytosis of transferrin? In NHE6-knockdown cells, pH in transferrin-positive endosomes is lowered compared with control cells (Figs. 8 and 10 ). Compared with parental cells, overexpression of NHE6, which causes luminal alkalization in the transferrin-positive endosomes ( Fig. 10) (30) , altered the amount of internalized transferrin, whereas mutant NHE6, which was defective in ion transport, did not (Fig. 9) . These results demonstrated that the ion transport activity of NHE6 is important for endocytosis. Knockdown of NHE6 and overexpression of NHE6 exhibited opposite effects on transferrin uptake (Figs. 3 and 9 ). On the other hand, we previously reported that both decreasing and increasing pH by altering the expression level of NHE6 inhibited the development of apical bile canaliculi (BC) and polarized membrane traffic in HepG2 cells, indicating that an optimal pH in the endosome lumen is necessary. These results imply that NHE6 is involved in various steps in membrane trafficking in the endocytotic pathway, such as early-stage endocytosis for transferrin and polarized sorting in endosomal compartments. They also imply that each step in membrane traffic requires specific and appropriate pH regulation.
In a previous study, we reported that the uptake of transferrin was decreased in RACK1-knockdown cells. In RACK1-knockdown cells, the amount of NHE6 in the plasma membrane was reduced to approximately 50% without alteration of total cellular NHE6 (29) . This inhibition of transferrin endocytosis in such cells and the results in this study are consistent in terms of the importance of NHE6 in the early stage of endocytosis. NHE6 and transferrin receptors may be internalized into the same vesicle. Some of the protein-protein interactions that take place during clathrin-dependent endocytosis, for example, between adaptor/accessory proteins and coat proteins, might be pH dependent. Furthermore, the pH regulation by NHE6 during the processes of the formation and dissociation of the clathrin coat, fusion to early endosomes, and so on may be important for the endocytosis. Currently, it is still unclear which molecular interaction in endocytosis is exactly The positions of typical NHE6 species are indicated (*oligomer; **highly glycosylated monomer; ***core glycosylated monomer). B: photomicrographs of NHE6, labeled transferrin, and EGF. Transferrin and EGF were incubated for 30 min as indicated in Fig. 3 . Scale bar, 50 m. C: cells incubated with the labeled transferrin were collected and lysed, and the proteins in the lysates were separated by 10% SDS-PAGE. The fluorescent bands of transferrin were detected with a Typhoon FLA 9000 fluorescence scanner. D: intensity of transferrin bands in C was quantified using ImageJ software. Data were obtained from three independent experiments and indicated as average Ϯ SD. Statistical analysis was performed by Student's t-test (versus control); *P values of Ͻ0.05. E and F: cells incubated for the indicated periods with either EGF-Alexa Fluor 488 streptavidin (E) or CTxB labeled with Alexa Fluor 488 (F) were collected and lysed, and the proteins in the lysates were separated by SDS-PAGE. The fluorescent bands of labeled streptavidin or CTxB were detected using a fluorescence scanner, and the intensity of fluorescence in the bands of streptavidin or CTxB was quantified using ImageJ software. Data were obtained from three independent experiments and indicated as average Ϯ SD. NHE6 dependent. More detailed analysis of protein-protein interactions with time-resolved observation during endocytosis will provide us a clear view.
Recently, Roxrud et al. (35) reported that mutant NHE6 protein associated with a mental disease was unstable when it was expressed in HeLa cells. This report also showed that treatments with small interfering RNA (siRNA) for NHE6 alone or with siRNA for both NHE6 and NHE9 caused a reduction in mRNA for NHE6 and/or NHE9 in HeLa cells (35) . Increased acidification in the endosome was only observed (using an acidophilic dye, LysoTracker Red) in cells treated with siRNA for both NHE6 and NHE9. Under such conditions, neither the internalization nor degradation of EGF receptors was affected in the siRNA-treated cells. This is essentially consistent with our observations regarding the uptake of EGF. However, we showed effective knockdown of NHE6 by using specific antibodies (Fig. 1) . We also monitored decreased endosomal pH, even in NHE6-knockdown HeLa cells, using pH-sensor conjugated transferrin (Figs. 8 and 10 ). These more quantitative methods might enable us to detect decreased pH in endosomes in NHE6-knockdown cells. Furthermore, we discovered a reduction in transferrin uptake and analyzed the details of the role of NHE6 in clathrin-dependent endocytosis of transferrin. Therefore, for the first time, this study clarified the importance of NHE6 for the endocytosis of transferrin.
In recent studies, it has been reported that mutations of two endosomal NHEs, NHE6 and NHE9, are associated with Xlinked mental retardation, such as Angelman syndrome and attention-deficit/hyperactivity, respectively (10, 24). Perturba- tion of pH regulation might be caused by these mutant NHEs, and subsequent defects in membrane trafficking in neuronal cells might lead to neuron malfunction.
